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COGGING REDUCTION IN PERMANENT
MAGNET MACHINES

BACKGROUND

The invention relates generally to electric machines and,
more specifically, to permanent magnet electric machines
with reduced cogging eflects.

Permanent magnet machines, such as a generator or an
clectric motor, typically include a rotor and a stator. For
instance, 1 synchronous electric motors, the rotor may
include permanent magnets to form magnetic poles. The
magnetic poles are typically rotationally symmetrically dis-
posed about the rotor. In these motors, the stator often
includes a number of windings disposed between regularly
spaced teeth. A time varying electric current passing through
the windings creates a rotating magnetic field that interacts
with the poles of the rotor. The magnetic field from the stator
drives the rotor by repelling and/or attracting the magnetic
poles of the rotor, thereby converting electrical energy into
mechanical energy.

Synchronous electric motors often generate a torque as
they rotate between adjacent teeth. This torque, which 1s
generally undesireable and unrelated to the intended output
torque, 1s referred to as cogging or a cogging torque. The
torque generally results from the fact that the teeth of the
stator often include ferromagnetic materials. Consequently,
cach magnetic pole of the rotor may be attracted to a number
ol adjacent teeth. As the rotor rotates, torque attributable to
this attraction may vary as the edge of each pole crosses
between teeth. During operation, this cogging torque may
reduce the efliciency of the motor and cause vibrations that
can adversely affect both the motor and driven loads, and
that can, consequently, add maintenance costs to the motor,
bearings and related equipment. This cogging torque also
can degrade the quality of the product associated with the
driven load.

While various approaches have been taken to reduce or
avold such cogging, these have not provided a suitable
solution. For example, the number of teeth in the stator may
be varied such that the number of teeth (and consequently

the number of poles. However, such solutions result in
stators that may be diflicult to wind or otherwise manufac-
ture, particularly by machine-installation of windings 1n the
stator slots. These designs may also result 1n electromagnetic
dissymmetries leading to degraded machine performance.
To some extent, the magnets of the rotor may be installed
such that they are non-parallel to the stator teeth (i.e.,
skewed along their length). However, this approach limits
the use of standard laminates and other simple and cost-
ellective structures for the rotor.

There 1s a need, therefore, for a new approach to the
problem of cogging 1n permanent magnet motors. There 1s a
particular need for an approach that can be used with motors
having a number of stator windings that 1s a multiple of the
number of poles, and that can be used with conventional
unskewed permanent magnet rotors.

BRIEF DESCRIPTION

The invention provides, in some embodiments, a perma-

nent magnet motor having a rotor and a stator. The rotor of

some embodiments may have a plurality of permanent
magnets defining a plurality of poles, which may each have
a leading edge and a trailing edge. The stator may include a
plurality of teeth that are generally parallel to the rotational

the number of stator windings) 1s not an integer multiple of
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2

axis of the motor. The number of teeth 1n some embodiments
may be an mteger multiple of the number of poles. The teeth
and poles of some of these embodiments may be arranged
such that when the leading edge of each pole aligns with a
stator tooth the trailing edge of that pole 1s generally not
aligned with a stator tooth.

In another aspect, the invention provides an electric motor
having a rotor with a plurality of poles defined by permanent
magnets. Each of the poles may have a flux field with a first
flux edge and a second flux edge. These embodiments may
also 1nclude a stator having winding slots separated by
respective teeth. The number of teeth may be an integer
multiple of the number of poles. In some embodiments, at
least one flux edge does not generally align with a tooth at
the same time that another tflux edge generally aligns with a
tooth.

In another aspect, the invention provides a permanent
magnet motor mcluding a rotor having a plurality of per-
manent magnets defining a plurality of poles, each pole
having a leading edge and a trailing edge, and a stator having
a plurality of teeth that are generally parallel to the rotational
ax1s of the motor. In some embodiments, the number of teeth
1s an integer multiple of the number of poles, and the leading
and trailing edges of each pole are angularly disposed with
respect to the stator teeth to reduce cogging torque.

In another aspect, the present invention provides a method
including steps of providing a stator having a plurality of
teeth separated by winding slots, wherein each tooth and an
adjacent winding slot defines one tooth pitch, and providing
a rotor having a plurality of poles extending generally
parallel to the teeth, each pole having a pole width. In some
embodiments, the smallest diflerence 1n size between at least
one pole width and an mteger multiple of the tooth pitch 1s
greater than 10% of the tooth pitch.

DRAWINGS

These and other features, aspects, and advantages of the
present invention will become better understood when the
following detailed description 1s read with reference to the
accompanying drawings in which like characters represent
like parts throughout the drawings, wherein:

FIG. 1 1s an illustration of an exemplary motor system,
including a motor 1n accordance with an embodiment of the
present technique;

FIG. 2 1s a cross-sectional view of an exemplary motor, 1n
accordance with an embodiment of the present techmque;

FIG. 3 1s a cross-sectional view of another exemplary
motor, 1n accordance with an embodiment of the present
technique; and

FIG. 4 15 a graph of cogging torque as a function of rotor
angle 1n a control motor and 1n the exemplary motor of FIG.

3.

DETAILED DESCRIPTION

FIG. 1 illustrates an exemplary system that includes a
motor 10 having an axis of rotation 12, a power source 14,
a shaft 16, and a load 18. As explained further below, the
motor 10 may generate minimal cogging torque. In subse-
quently discussed embodiments, the motor 10 includes a
rotor with magnetic poles that are spatially desynchronized
with teeth 1n a stator. To this end, 1n certain embodiments,
the magnetic poles may have an angular width that 1s not an
integer multiple of the pitch of the teeth. As the rotor rotates,
when the leading edge of a magnetic pole 1s aligned with a
tooth, the trailing edge of the magnetic pole 1s between teeth,
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and vise versa. Advantageously, some of these embodiments
may mitigate the previously discussed cogging effect. It 1s
believed that staggering the time at which the leading and
trailing edges of a pole are aligned with stator teeth reduces
the torque applied to the rotor as it rotates between teeth, as
1s explained in greater detail below.

The system 1n which the motor 10 1s mnstalled may be a
variety ol electro-mechanical systems. For example, the
system may be a factory automation system, an automotive
system, a transportation system, a conveyance system, an air
conditioning system, a fluid pumping system, or some other
system adapted to exploit the conversion of electrical energy
into rotational mechanical energy. The electric motor 10
may be a brushless synchronous electric motor, as 1s
explained 1n greater detail below. However, 1t should be
noted that the present technique 1s not limited to these types
of motors. The power source 14 may be a variable or fixed
frequency alternating current (AC) power source. In some
embodiments, the power source 14 includes a transistorized
variable frequency drive configured to deliver three phases
of electrical power. The load 18 may be a drive shaft of an
clectric or hybrid car, a conveyor belt, a pump, a fan, or other
system driven by rotational mechanical energy. The load
may also represent a prime mover where the “motor” 1s
operating as a generator.

In operation, the power source 14 may output a poly-
phase alternating current adapted to energize the electric
motor 10. For instance, the power source 14 may output
three phase electrical power. In response, the rotor in the
clectric motor 10 rotates about axis of rotation 12 and drive
the load 18 via shait 16. As 1s explained in greater detail
below, magnetic poles within the exemplary motor 10 are
arranged so that rotation of the exemplary motor 10 gener-
ates relatively little cogging torque.

FIG. 2 depicts a cross section of the motor 10 1n a plane
normal to the axis of rotation 12. The illustrated motor 10
includes a stator 20 and a rotor 22. In the current embodi-
ment, the stator 20 has a plurality of teeth 24 that generally
define winding slots 26. The present teeth 24 and winding
slots 26 alternate 1n a rotationally symmetric fashion about
the axis of rotation 12. The illustrated teeth 24 each have a
tooth width 28, and the illustrated winding slots 26 each
have a slot width 30. These distances 28 and 30, like the
other distances discussed herein, unless otherwise noted, are
angular distances measured about the axis of rotation 12.
The tooth width 28 and slot width 30 combine to define a
tooth pitch 32, which 1s the distance between generally
identical points of adjacent teeth 24 or slots 26, e.g., cen-
terline to centerline, or clockwise-most edge to clock-wise
most edge. In the present embodiment, the teeth 24 and slots
26 have a generally constant cross-sectional profile and
angular position along the axis of rotation 12. That 1s, 1n the
present embodiment, the teeth 24 and the winding slots 26
are not skewed. The illustrated embodiment has 24 teeth
and, consequently, 24 winding slots, which, as discussed
below, 1s an mteger multiple of the number of poles (e.g.,
two, four, six, eight, or more) of the rotor 22. In presently
contemplated embodiments, the number of teeth 24 1s also
an mteger multiple of the number of phases of power the
motor 10 1s configured to accept, as well as of the number
of poles of the rotor 22. The stator 20 may be made of a
ferromagnetic material, such as steel, or other matenals. In
some embodiments, the stator 20 may be formed by stacked
steel plates.

The winding slots 26 will generally house one or more
windings (not shown). Depending on the embodiment, the
windings may be arranged within and among the winding
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slots 26 1n a variety of patterns, e.g., 1n a lapped or
concentric winding pattern (or some combination). Further,
the windings may be arranged according to the number of
poles and the number of phases of power delivered to the
motor 10. As will be appreciated by those skilled 1n the art,
the windings will generally be terminated 1n groups depend-
ing upon their number, and whether the motor 1s to be wound
in a Y or delta configuration. The stator may also be wound
with a coil disposed around each single stator tooth, com-
monly referred to as a concentrated winding.

The illustrated rotor 22 includes a core 34, permanent
magnets 36, 38, 40, and 42, and a shait 44. The core 34 may
have a generally uniform cross section along the axis of
rotation 12 and include a ferromagnetic material, such as
steel, or other types of materials. The core 34 may be
generally concentrically disposed about the shaft 44. In
some embodiments, the core 34 and the shait 44 may be
integrated into a single component. In presently contems-
plated embodiments, the core may be made up of a series of
laminates, thin metal plates that may be i1dentical to one
another, aligned to form structures for recerving permanent
magnets as described below.

The permanent magnets 36, 38, 40, and 42 may be
mounted on the surface of the core 34 at 90 degree intervals.
That 1s, the permanent magnets 36, 38, 40, and 42 may be
rotationally symmetrically disposed about the axis of rota-
tion 12. Of course, other embodiments having a different
number of poles may include magnets disposed in different
repetition patterns, such as at intervals of 180 degrees, 60
degrees, 45 degrees, ect., for example. Each permanent
magnet 36, 38, 40, and 42 includes a north side and a south
side, labeled with an “N” and an “S” respectively. The
illustrated permanent magnets 36, 38, 40, and 42 are ori-
ented with their north sides and south sides concentrically
disposed about the axis of rotation 12 with the north side of
magnets 36 and 40 facing outwardly and the south side of
magnets 38 and 42 facing outwardly. That 1s, in the illus-
trated embodiment, the permanent magnets 36, 38, 40, and
42 are oriented 1n alternating directions. While the 1llustrated
permanent magnets 36, 38, 40, and 42 have an arc-shaped
cross section with concentric north and south sides, other
embodiments may employ different shaped permanent mag-
nets and/or a different number of magnets. Further, the
illustrated permanent magnets 36, 38, 40, and 42 have a
generally 1dentical shape and are generally parallel with the
teeth 24 1n the direction of the axis of rotation 12. Conse-
quently, the illustrated permanent magnets 36, 38, 40, and 42
are not skewed along the axis of rotation 12. As explained
below, these permanent magnets 36, 38, 40, and 42 may be
s1zed and/or arranged to reduce cogging.

In the current embodiment, the permanent magnets 36,
38, 40, and 42 form four poles 46 about the rotor 22. To
clarity the other features of the motor 10, one pole 46 is
illustrated 1n FIG. 2, and the reference numeral 46 will be
used to refer to the poles individually and collectively. In the
illustrated embodiment, each permanent magnet 36, 38, 40,
and 42 forms one pole that 1s generally rotationally sym-
metric with the pole 46, with an exception of the reversal of
direction of flux for the poles aligned with magnets 38 and
42. That 1s, the poles 46 are centered at 90 degree intervals
about the axis of rotation 12 with an alternating north/south
orientation.

The poles 46 may be generally defined by permanent
magnets 36, 38, 40, and 42. A flux field 50 is established by
one or more ol the permanent magnets 36, 38, 40, and 42.
Various features, in addition to the permanent magnets 36,

38, 40, and 42, may shape the flux field 50, such as, for
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example, the shape and magnetic properties of the matenals
in the stator 20, the rotor 22, and the space between the stator
20 and rotor 22. In some embodiments, discontinuities, such
as air gaps or materials with different magnetic properties,
may be itroduced to the stator 20, the rotor 22, and/or the
space between the stator 20 and rotor 22 to shape the flux
ficld 50. The shape of the flux field 50 generally defines the
shape of the pole 46. As 1s explained below, the poles 46 may
be shaped so as to reduce cogging.

The poles 46 may each have a pole width 48 bounded by
a trailing edge 52 and a leading edge 54, according to a
direction of rotation 56 (1.¢., the terms “leading™ and *“trail-
ing” are simply used for convenient reference). In the
illustrated embodiment, the widths 48, and edges 52 and 54
of the poles 46 generally correspond with the angular
positions of edges of the permanent magnets 36, 38, 40, and
42. However, as subsequent embodiments will 1llustrate, the
width 48, and edges 52 and 54 of a pole 46 are not
exclusively a function of the size of the permanent magnets
associated with the pole 46. More generally, the edge 52 or
54 of a pole 46 may be defined as the location where there
1s a distinct change in the air gap flux density. For instance,
in some embodiments the air gap flux density may change by

more than 30%, 40%, 50%, 60%, 70%, 80%, or more near
the edge 352 or 54.

Advantageously, in the present embodiment, the motor 10
exhibits relatively little cogging as the rotor 22 rotates
between the teeth 24 of the stator 20. It 1s believed that the
s1ze ol the pole width 48 relative to the size of the tooth pitch
28 produces this eflect. Specifically, the poles 46 are sized
so that when the leading edges 54 are between teeth 24, ¢.g.,
in slot 26', the trailing edge 1s aligned with a tooth, e.g., tooth
24'. In other words, both edges 52 and 54 of poles 46 do no
align with teeth 24 at the same time. That 1s, the poles 46 are
spatially desynchronized with the teeth 24. The permanent
magnets 36, 38, 40, and 42 are attracted to each of the teeth
24 adjacent their outer surface. As the rotor 22 rotates 56, the
number of teeth between the leading edge 54 and trailing
edge 52 stays relatively constant. As a result, the aggregate
force of attraction to the teeth 24 stays relatively constant,
thereby reducing cogging.

FIG. 2 depicts an embodiment 1n which the leading edge
54 of each pole 46 1s aligned with a slot 26 at the same time
the trailing edge 52 1s aligned with a tooth 24. Other
embodiments may have varying degrees of mlsahgnment
For example in some embodiments, the smallest difference
in angular size between the pole Wldth 48 and an integer
multiple of the tooth pitch 32 may be greater than or
generally equal to 50%, 40% 30%, 20%, or 10% of the tooth
pitch 32. In other words, the remainder of the pole width 48
divided by the tooth pitch 32 may be a variety of percentages
of the tooth pitch 32.

FIG. 3 depicts another exemplary electric motor 38 in
accordance with the present technique. The present electric
motor 58 has 48 teeth 24 disposed between 48 slots 26. As
with the previous embodiment, the illustrated teeth 24 are
generally parallel to the axis of rotation 12, 1.e., not skewed.
Of course, other embodiments may have a different number
of teeth 24, for instance a number that 1s an integer multiple
of the number of poles 46, the number of phases of electrical
power, or both. The illustrated electric motor 58 includes
four poles 46, and accepts three phases of electrical power.

The illustrated motor 58 includes two permanent magnets
60 and 62, 64 and 66, 68 and 70, or 72 and 74 per pole 46.
Each of the 1llustrated permanent magnets 60, 62, 64, 66, 68,
70, 72, and 74 extends generally parallel with the teeth 24
and the axis of rotation 12. That 1s, the permanent magnets
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60, 62, 64, 66, 68, 70, 72, and 74 are not skewed 1n the
present embodiment. The present magnets are internally
mounted within the core 34 1n slots. End plates at the ends
of the rotor 22 and an adhesive may secure the permanent
magnets 60, 62, 64, 66, 68, 70, 72, and 74 1n the slots. The
present permanent magnets 60, 62, 64, 66, 68, 70, 72, and 74
are mounted 1 V-shaped pairs that are rotationally sym-
metrically disposed about the axis of rotation 12. In the
present embodiment, the permanent magnets 60, 62, 64, 66,
68, 70, 72, and 74 form four poles 46 that are evenly
distributed about the rotor 22, in 90 degree increments. In
the present embodiments, the four poles 46 do not occupy
the entire 90 degree increment. Of course, other embodi-
ments may employ more or fewer permanent magnets to
form more or fewer poles 46. In the illustrated embodiment,
the V-shaped pairs of magnets, such as 68 and 70, are
disposed with an angle 76 between faces of the same
magnetic orientation.

The angle 76, along with other parameters, may generally
define the pole width 48, the position of the leading edge 54,
and the position of the trailing edge 352. In some embodi-
ments, the angle 76 1s approximately 109, 111, 113, 115,
117, 119, 121, 123, 125, 127, or 129 degrees. For example,
an angle 76 of 119 degrees may define a pole width 48 that
1s not a multiple of the tooth pitch 28. Alternatively, or
additionally, the width of the permanent magnets 60 and 62,
64 and 66, 68 and 70, or 72 and 74 may be selected to
achieve a desired pole width 48. As depicted 1in FIG. 3, when
the leading edge 54 of electric motor 58 1s aligned with tooth
24', the trailing edge 52 ahgned with slot 26', and not with
a tooth 24. As with the previous embodiment, the degree of
misalignment may vary. For example, the smallest differ-
ence 1n angular size between the pole width 48 and an

integer multiple of the tooth pitch 32 may be greater than or
generally equal to 50%, 40% 30%, 20%, or 10% of the tooth

pitch 32.

FIG. 4 illustrates cogging in electric motor 38 and a
control motor versus an angular position of the rotor 22. In
FIG. 4, the ordinate represents cogging torque, in Newton-
meters, and the abscissa represents angular rotation of the
rotor 22, 1in degrees. The control motor, which exhibits large
cogging torques, was modeled such that the leading and
trailing edges of the flux of each pole aligned with stator
teeth at the same point 1n rotation of the rotor (1.¢., the pole
width was an integer multiple of the pitch of the stator teeth).
The magnitude of cogging 78 produced by the control motor
1s substantially larger than the magnitude of the cogging
produced by the electric motor 58. Indeed, with the present
embodiment, the magnitude of cogging 1s reduced to less
than 14" of the magnitude of cogging in the control motor.
Of course, other embodiments may exhibit smaller or greater
reductions 1n the magnitude of cogging torque.

While only certain features of the mvention have been
illustrated and described herein, many modifications and
changes will occur to those skilled 1n the art. It 1s, therefore,
to be understood that the appended claims are intended to
cover all such modifications and changes as fall within the
true spirit of the invention.

The mvention claimed 1s:

1. A permanent magnet motor comprising:

a rotor having a shait and a contiguous rotor core extend-
ing along the shaft, the rotor having a plurality of
permanent magnets defining a plurality of poles,
wherein each pole 1s defined by permanent magnets
that are mounted mm a V-shaped arrangement, the
V-shaped arrangement for each pole being formed with
the same obtuse angle and each pole being equiangu-
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larly spaced about a center axis of the rotor, each pole
having a leading edge and a trailing edge; and

a stator having a plurality of teeth that are generally
parallel to the permanent magnets, wherein the number
of teeth 1s an integer multiple of the number of poles,
wherein when the leading edge of each pole aligns with
a stator tooth the trailing edge of that pole 1s generally
not aligned with a stator tooth.

2. The permanent magnet motor of claim 1, wherein each
permanent magnet 1s defined by two permanent magnetic
clements that are mounted 1n the V-shaped arrangement.

3. The permanent magnet motor of claim 2, wherein the
number of poles 1s four, the number of teeth 1s 48, and the
two permanent magnetic elements defining each pole are
mounted at a 119 degree angle.

4. The permanent magnet motor of claim 1, wherein the
number of poles 1s an even number mteger no less than 2.

5. The permanent magnet motor of claim 1, wherein the
teeth are generally parallel to an axis of rotation of the
permanent magnet motor.

6. The permanent magnet motor of claim 1, wherein the
poles are rotationally symmetric.

7. The permanent magnet motor of claim 1, comprising
windings disposed between the teeth and configured to
accept three phases of electrical power.

8. The permanent magnet motor of claim 1, wherein the
contiguous rotor core 1s formed from a plurality of lamina-
tions with like geometry mounted on the shaft uniformly
along an axis of the shaft.

9. The permanent magnet motor of claim 1, wherein the
leading edge and the trailing edge of each pole correspond
to locations with a distinct change 1n air gap flux density.

10. An electric motor, comprising:

a rotor having a shait and a contiguous rotor core extend-
ing along the shaft with a plurality of permanent
magnets embedded therein, each of the magnets having
a V-shaped cross-section with an obtuse angle therebe-
tween, the obtuse angle being the same for each mag-
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net, and each magnet being equiangularly spaced about
a center the rotor, the V-shaped cross-section being
defined by an mner V-surface and an outer V-surface,
cach of the magnets being magnetized to cause the
inner V-surface and the outer V-surface to have a
different polarity, each magnet defining a pole with a
first edge and a second edge; and

a stator having winding slots separated by respective

teeth, the number of teeth being an 1integer multiple of
the number of poles, wherein at least one pole edge
does not generally align with a tooth at the same time
that another pole edge generally aligns with a tooth.

11. The electric motor of claim 10, wherein each of the
magnets comprises a pair of magnetic elements separated by
a gap.

12. The electric motor of claim 11, wherein the gap 1s
disposed between two spaces, the two spaces housing the
pair of magnet elements and extending through the contigu-
ous rotor core.

13. The electric motor of claim 10, wherein the number of
poles 1s four, the number of teeth 1s 48, and the angle
between the inner V-Shaped cross section 1s 119 degrees.

14. The electric motor of claim 10, wherein the number of
poles 1s an even number integer no less than 2.

15. The electric motor of claim 10, wherein the obtuse
angle 1s between 109 and 129 degrees.

16. The electric motor of claim 10, wherein the number of
poles 1s four, the number of teeth 1s 48, and the angle
between the outer V-Shaped cross section 1s 119 degrees.

17. The electric motor of claim 10, wherein the contigu-
ous rotor core 1s formed from a plurality of laminations with
like geometry mounted on the shait uniformly along an axis
of the shatt.

18. The electric motor of claim 10, wherein the pole first
and second edges correspond to locations with a distinct

change 1n air gap flux density.
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